Abstract -This paper proposes a new photovoltaic panel maximum-power-point optimizer based on a buck converter. It can be connected to the DC-link distributed energy harvesting system that should perform the true maximum-power-point tracking algorithm based on maintaining a constant DC link voltage. The algorithm is based on the sensorless hysteresis control and ensures high efficiency. Three different realizations of proposed hysteresis optimizers have been analyzed in the paper, including operation principle and adjustment of hysteresis intervals. An experimental study has been performed for a portable low-power photovoltaic system in case of different loads and irradiance levels. The efficiency of maximum power point tracking has been calculated analytically for different hysteresis intervals and validated by experiment, which proved a 97-98 % efficiency of tracking for different PV panel temperatures. The proposed solution is recommended to be used in small-and medium-sized power systems where the price of the conventional maximum power point tracking converter is very high and is comparable to the cost of the individual panel.
I. INTRODUCTION
Renewable energy sources are increasingly important in today's conditions due to many practical issues. The European Commission has set up a target to increase the share of renewable energy to 20 % before 2020 [1] , [2] . What is more, Denmark will have reached a 70 % share of energy production from renewable sources by 2020 and 100 % by 2050. The topic of power electronic converters for renewable applications is becoming extremely popular nowadays.
Despite the fact that the cost of renewable energy is decreasing, it is still higher than that of energy obtained from conventional sources. As a result, the main direction of the research is focused on the decreasing of the price. Considering wind turbine energy or photovoltaic (PV) energy, the power electronic interface converter is one of the key components whose price has to be optimized. As for the PV panel, the output power level depends on the output voltage. A maximum efficiency is achieved when the PV panel operates at a voltage that corresponds to the maximum power point (MPP). The MPP, in its turn, depends on the PV panel design, the irradiance level and the panel temperature. That is why it is so important to use power converters that ensure the functioning of the PV panel at the MPP or near it [1] - [6] .
The disadvantage of such devices is the need for sensing the voltage and current of the PV panel and specialized integrated circuits (ICs) or microcontrollers to perform the complex control task, which significantly increases the cost [7] - [9] .
There are many types of distributed PV generation systems, which can be classified by panel interconnection, presence of individual power converters (micro-converters; strings or central inverters) and the type of current flowing inside the system. In case of low power DC-DC application, the basic topologies with DC current interconnection are shown in Fig. 1 . The simplest distributed system (Fig. 1a) consists of a buck, boost or buck-boost DC-DC converter and a single PV module. In case of string configuration there are two possible basic solutions. The first one is based on the direct connection of the string PV module to the single DC-DC converter [10] - [15] (Fig. 1b) . Strings of PV panels have a significantly reduced power output when an impedance mismatch between the panels occurs, as e.g. caused by partial shading by a cloud. In order to increase the efficiency of such a system, intermediate DC-DC converters can be used. This configuration is demonstrated in
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Fig. 1c [16] . With regard to DC-AC applications, the best efficiency will be exhibited by a system that has an optimizing DC-DC converter for each phase [17] .
In case of using an intermediate DC-DC converter, depending on the ratio of V PV to V DC, conventional boost, forward or fly-back topologies are used [18] . The third group consists of the most accomplished power stage solutions, where flexibility is achieved by increasing the number of reactive components with SEPIC or Cuk topologies (which physically restrict their efficiency) [19] or by increasing the number of semiconductor switches with the switching-inductor and switching-capacitor topologies or the buck-boost topology.
When a high boost or buck ratio (more than 4) or extra-low voltage and current output ripples are reached simultaneously with unnecessary galvanic isolation, the good solution is to use the principle of coupled inductors, which is described in detail and implemented in [20] , [21] and [22] .
At the same time, the solution with DC-DC converters for each panel is the most expensive one because of using a control system along with voltage and current sensors for each converter.
An approved set of MPPT algorithms is described in [23] and [24] . Most of them are based on the flow consisting of continuous V and I measurements from resistive sensors and an iterative procedure of MPP calculation (sometimes the model of a certain PV cell is used) which results in tuning of the PWM duty cycle of the converter switches [25] - [27] . Advanced control methods are used for self-measuring, prediction and adaptation paradigms and require more complex calculations [26] , [28] , which are performed by using MCU [27] , DSP or FPGA [29] . The newest methods with a wide control and adaptation range are based on AI concepts of neural networks and fuzzy logic and are described in [30] - [33] . It should be noted that regardless of the type of algorithms most of them need two or three voltage and current sensors.
There are several ways of cost reduction: a sensorless control approach (without a current sensor) [34] , extreme power saving by simplification and reduction of the control part [35] by using a composition of existing hybrid control ICs. Such solutions allow the tracking optimization of a single PV cell with output power and operation voltage less than 1 W and 2 V. Also, both the sensor count and the calculation complexity can be reduced by using a sensorless hysteresis control methodology with a boost converter [29] . The main drawback of the proposed idea lies in continued switching of the transistor in a wide operation range. The objective of this paper is further improvement of the idea based on the buck topology.
II. PROPOSED OPTIMIZER STRUCTURE
AND OPERATION PRINCIPLE The main idea of a hysteresis power optimizer is to provide transmission of electrical energy to the load by portions during the time intervals when the voltage on the input capacitor is close to the maximum-power-point voltage of a solar cell. This ensures the operation of a solar cell close to its MPP, which guarantees it a high efficiency.
A basic functional diagram of the optimizer is shown in For example, Fig. 3 shows the optimizer operation in a hysteresis band with the power derived from the panel less than 0.9P MPPT . In this case, the threshold level of output power is equal to 0.9P MPPT . By using P-V and I-V characteristic values of V TH , V TL can be found, the high and low threshold currents (I TH , I TL ) of the PV can be found as well. If the load is constant optimizer can operate in three different modes depending on the relationship between the parameters of the load and the panel (Fig. 3) : out-of-range, direct and hysteresis.
The out-of-range mode (OR-mode) is possible when the load current (optimizer output current) meets the condition I LOAD < I TL (the load is high-resistance). In such case, the input buffer capacitor C IN is never discharged to V TL , so Q is never switched off and the PV panel works near its open-circuit mode (OC) with a low efficiency (Fig. 3a) . This is a common drawback of buck-only MPPT converters [16] .
The direct mode (DIR-mode) is possible when the load current meets the condition I TL < I LOAD < I TH , the input buffer capacitor (C IN ) is never discharged to V TL (as the PV panel current is equal to the load current and does not exceed the hysteresis band limits), so Q is never switched off and the PV panel is directly connected to the load (Fig. 3b) . In this mode, the system efficiency is the highest due to the absence of switching loses and the panel's operation is close to the MPP. The proposed optimizer in the direct and out-of-range modes is not tracking the MPP, and the operation (output voltage and current) depends on the load.
The main mode of the proposed optimizer, which provides a high efficiency of MPP tracking, is the hysteresis mode (HYS-mode).
In case of a low-resistance load, when the load current meets the condition I LOAD > I TH , the optimizer operates as a buck DC-DC converter with the control function determined by the hysteresis band, the PV panel and the load parameters (Fig. 3c) . The circuit's operation in this mode is shown in detail in Fig. 4a . The circuit's operation in the switching mode can be divided into the following stages:
• t 0 -the input voltage of HY rises above V TH , HY toggles and transistor Q starts conducting; • t 0 -t 1 -the energy is transferred to the load (C IN is discharging through the load); • t 1 -the input voltage of HY falls below V TL , HY toggles, transistor Q is not conducting; The output voltage of the optimizer has the form of highfrequency pulses (Q is open only for the time period T on ) and must hence be filtered by a low-pass filter.
III. CONTROL SYSTEM DESCRIPTION
Different hysteresis techniques can be realized as a control circuit HY in the proposed optimizer ( Fig. 2 b-d) . Some examples of control, limitations, advantages and drawbacks are described below.
A. Proposed Optimizer Circuit Variant A
A power optimizer circuit diagram (shown in Fig. 2b ) is the simplest way to perform hysteresis control.
New elements R 1 , R 2 , C 1 perform a function of a proportional-integral chain that limits the switching frequency and determines the hysteresis band. The R 1 , R 2 division factor (transfer ratio) is selected so that when V IN = V TH then V 1 = V GSth , where V GSth is the gate-source threshold voltage of MOSFET Q. To provide a proper switching frequency, the time constant of the gate circuit should be lower compared with that of the input charge circuit. This is possible when the capacitance of C 1 meets the condition C IN ≫ C 1 .
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The circuit operates as follows. Initially, C IN and C 1 are discharged, and MOSFET Q is not conducting. The process of charging of C IN and C 1 starts after the surface of the PV panel is irradiated. When the voltage on C IN reaches V TH , voltage V 1 reaches V GSth (the gate-to-source threshold voltage of transistor Q). It means that Q opens; the process of energy transfer from C IN to the load is accompanied by the discharge of C IN and C 1 . When C 1 discharges below V GSth , MOSFET Q stops conducting and the process repeats.
The advantages of such a hysteresis circuit should be underlined. First of all, the circuit includes a number of passive elements and only one active (Q) element and can operate in the DIR-mode without switching losses (Fig. 3b) in case of a certain load that allows obtaining a high efficiency. The proposed circuit has no current sensors; and the hysteresis band position could be easily adjusted by tuning resistors' R 1 and R 2 values.
At the same time, some drawbacks of the proposed hysteresis circuit should be noted:
• only the hysteresis band position can be tuned in this circuit, whereas the width of the hysteresis band is fully determined by the transistor's parameters and cannot be changed; • the hysteresis band width is mainly below 1 V and will vary noticeably from one transistor to another even in the same batch.
• in case of a certain load (I LOAD < I TL ) the circuit operates in the OR-mode with low PV panel performance (Fig. 3a) .
B. Proposed Optimizer Circuit Variant B
A modified hysteresis element HY circuit diagram of the proposed power optimizer is shown in Fig. 2c . Such a version is a modification of the above-described circuit, shown in The circuit's operation (Fig. 4b) can be divided into the following stages:
• t 0 -t 1 -D F is conducting, D R and Q not, C 1 is charging;
• t 1 -C 1 is charged to V GSth + V DF , C IN is charged to V TH , Q is conducting; • t 1 -t 2 -D F has a reverse bias, C IN is discharging through the load, C 1 keeps transistor Q in the conducting mode; • t 2 -voltage V 1 falls below V GSth -V DR , C IN is charged to V TH , D R is conducting, C 1 discharges through R 2 to a voltage lower than V TH , Q is closing, C IN begins charging from the solar panel and then the process repeats. The main advantage of the proposed solution lies in that the width of the hysteresis band can be easily adjusted by selecting appropriate "forward" and "reverse" diodes (D F and D R ), or by series connection of several diodes. At the same time, the hysteresis band width is still hard to precise and independently tunes in both directions, because of only one voltage divider being used and because of the limited diversity of diodes the forward voltage drops. Also, the circuit can operate in the ORmode with a low PV panel performance at a certain load (Fig. 3a) .
To determine the circuit parameters, firstly, we need to write down expressions for the C 1 voltages for two states of the optimizer: "switched on" (V IN = V TH ) and "switched off" (V IN = V TL ). To switch on Q when V IN > V TH , the following expression must be valid:
Transistor Q will switch off when V IN < V TL :
The voltage divider ratio must be set in such a way that when the circuit is supplied by V MPP , the voltage over R 2 is equal to transistor threshold voltage V GSth :
.
Expressing V DF and V DR from (1)- (3), we obtain the following equations:
;
. 4 . The use of two dividers provides the ability to tune V TH and V TL independently in a wide range. It should be noted that the proposed variant C optimizer as well as other circuits can also operate in the OR-mode with low PV panel performance at a certain load (Fig. 3a) and this is a common drawback of the proposed hysteresis power optimizer.
The math expressions for the variant C circuit diagram are almost the same as for circuit B:
Since this circuit diagram has two independent voltage dividers, threshold voltages V TH and V TL can be easily adjusted by varying the dividers' ratio without finding diodes with the exact voltage drop (it is recommended to use two identical lowdrop Schottky rectifier diodes to ease calculations and minimize the power losses).
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IV. ESTIMATION OF OPTIMAL HYSTERESIS WINDOW
AND THE PROPOSED OPTIMIZER As has already been mentioned, the panel MPP depends on the irradiance level and the temperature, so a hysteresis window calculated for certain conditions may be ineffective at others. It means that the full range of PV module irradiance and temperatures should be taken into account for the calculation of a hysteresis window.
The recommended methodology for choosing the optimal hysteresis window is shown in the example below. The following results are obtained in the mathematical modelling software for the portable low-power PV system, including series connection of 12 semi-flexible Si PV modules with the following characteristics (for one PV module): P MAX = 1 W, V MPP = 1.5 V, I MPP = 0.66 A, I SC = 0.85 A, V OC = 2.0 V.
To estimate the optimizer efficiency, a simplified mathematical model has been built (Fig. 6a) . The calculations have been performed for the following circuit elements:
F, R L = 16 Ω, R IN = 28.23 Ω, R Qon = 0 Ω; R Qoff = ∞, PV panel parameters as stated above.
To simplify the input current calculation, the following assumptions have been used: the simplified model does not include a low-pass filter as its impact on the input voltage and current is negligible; a load resistance is constant; during a halfperiod of the optimizer's operation, the PV panel is represented by a constant voltage source E PV (E PV = V TL while Q is conducting and E PV = V TH while Q is not conducting); R IN = V OC / I SC and represents a current limiter for the PV panel.
With all those assumptions, the circuit operation is divided into two periods: the first one in the case if Q is not conducting (the circuit is represented by Fig. 6b) , the second one -if Q is conducting (Fig. 6c) .
The circuit equation for the closed Q is shown below: .
Taking into account initial condition V CIN (0) = V TL , the voltage on V CIN changes as follows:
Voltage ( 
1) CIN
V is the voltage on the PV panel, so the equation of the classic equivalent circuit of the PV module [8] can be used to find current I IN :
The second equivalent circuit starts when V CIN = V TH and can be described by the following equation:
Solving equation (10) in accordance with the initial conditions mentioned above and by using the equivalent circuit of the PV, the following expressions have been obtained:
The average output power harvested from the panel during one period of a steady process is calculated as follows:
, (12) where T is the period of a steady process (Fig. 4b) . The steady process of period T is calculated approximately based on the equivalent circuit time constants for the on transistor (Fig. 6b ) and the off transistor (Fig. 6c): 3 τ τ 3 .
As a result, the expression for the average output power during the period of operation as a function of PV parametersload resistance, panel temperature, illumination and threshold voltages V TH and V TL -has been obtained. Such parameters as
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T, S, R L , V OC , I SC , C IN are used as constants, whereas V TL and V TH -as variables, so the final expression of the average power harvested from the PV modules is a function of two variables: P avg = f(V TL , V TH ). The resulting expression is beyond the scope of this paper and too complex to be shown here.
The maximum power P MPP and the corresponding voltage V MPP of the analysed PV system (12 series-connected PV modules) can be found analytically by using the equation of the classic equivalent circuit of a PV module. For the above V OC , I SC , S = 1000 W/m 2 , the calculated values are shown in Table I . MPP P MPP = 15.1 W for T = 25 °C is close to P MAX = 15 W, mentioned in the documentation for the modules used.
The efficiency Eff of the proposed optimizer can be found for different temperatures by using (12):
It is clear that the efficiency of the proposed power optimizer depends on the threshold voltages V TL and V TH . For proper operation the optimizer's V TL < V MPP and V TH > V MPP and they should be close to the maximum power point. Let the hysteresis interval be ΔV = V TH -V TL = ΔV
where V mdl is the "middle" of the hysteresis interval (it should be noted that this "middle" is not a mean or average voltage for the ΔV interval). V mdl = [19.5; 19.0; 18.5; 18.0; 17.5] V has been used to calculate the efficiency.
Two types of hysteresis intervals have been analysed. The first case considered in the paper, the so-called "symmetrical" one, corresponds to ΔV
The second case -the "unsymmetrical" one -is based on an unsymmetrical shape of the P-V curve for a PV module. It is well known that the rightside slope of the P-V curve is always more steep compared with the left-side one. In our case, the voltage difference for points P = 0 W and P = P MPP for the left-side slope is equal to V MPP = 19. An analysis of the data from Fig. 7a shows that an efficiency of more than 0.95 is provided for a wide range of ΔV of the hysteresis band in the case if T = 25 °C for the symmetrical hysteresis intervals as well as for the unsymmetrical ones. It should be noted that the efficiency for the "symmetrical" case is lower as compared to the "unsymmetrical" hysteresis because the power drop after the MPP is significantly higher. So, for example, V mdl = 19.5 V (curve 1) and ΔV > 5 V leads to a fast decrease of the efficiency down to 0.7 because V TH in this case is close to V OC , where P = 0 W.
The temperature variation leads to significant shifting of the maximum power point, as shown in Fig. 5, so 
V. EXPERIMENTAL STUDY

A. Experimental Setup Description
The experimental setup of the three proposed power optimizers has been created to prove their ability of tracking MPP at different levels of solar irradiance and temperatures. The list of equipment for the experimental setup is shown in Table II . It should be noted that a PV simulator has been used instead of real PV modules to ensure repeatability of data for various experiments.
The developed prototype can implement all of the three above-considered power optimizers by using jumpers and potentiometers, adjusting the boundary positions of hysteresis V TL and V TH . The component list for the buck converter, which acts as a power converter for the proposed optimizer, is described in Table III. Instead of the passive hysteresis circuit based on diodes ( Fig. 2b-d) , hysteresis control element HY has been built on discrete logic elements, such as J-K Type Flip-Flop CD4027, Schmitt trigger MC14584 and functional gate (inverter) MC14572. Driver TC4427A has been used for switching MOSFET transistor Q.
The experimental prototype of the power optimizer is shown in Fig. 8a . The printed circuit board consists of two parts: the hysteresis control and buck DC-DC converter and two connectors (the input for the connection of PV modules and the output for the load, marked with arrows).
B. Experimental Verification of the Proposed Optimizer
The efficiency of the proposed power optimizer has been analysed for different loads and irradiance level S = 1000 W/m 2 and temperatures T = 25 °C, 35 °C and 50 °C by using a PV simulator as an energy source. V OC and I SC have been set on the PV simulator in accordance with the technical data for the PV modules used (see Chapter IV). A thermal photograph for R L = 5 Ω and P IN = 11.76 W is shown in Fig. 8b . As can be clearly seen, the main source of losses is concentrated in diode D 1 . Optimizing the design of that component can diminish the total losses and improve the efficiency of the proposed power optimizer.
The efficiency of MPP tracking plots for the proposed optimizer under the conditions V mdl = 18. Obviously, the proposed analytical model of the power optimizer, considered in Chapter IV, corresponds to the experimentally verified data: the power optimizer tuned to T = 25 °C is more efficient compared with T = 50 °C operation. It should be noted that the proposed analytical model of the power optimizer considers only MPP tracking and does not take into account losses in the buck power converter elements (MOSFET, diode, inductor, etc.). The efficiency of the buck converter is shown in Fig. 8c , curves 6-8. As can be seen, the efficiency of the power converter is higher for a higher load resistance.
This can be explained by that fact that the higher-loadresistance power optimizer operates in the direct mode, without MOSFET switching, so the main source of losses consists in conductance losses. A lower efficiency in the case of the lowresistance load is explained by a higher deviation of current I IN (see Fig. 8d ) and operation in hysteresis mode, where losses consist of conductance and dynamic parts (caused by on-/off-MOSFET losses, inductor losses etc.). The second reason why the experimental data show a small difference from the analytically-calculated ones is the following. The analytical model of the PV modules considered in Chapter IV is simplified, thus, the position of MPP for the analytical solution and the experimental verification can be different, so it also leads to a difference in the data but does not violate the calculations and the circuit operation for the proposed power optimizer.
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Time diagrams of the operation of the experimental prototype of the power optimizer for two load resistances are shown in Fig. 8d . It is obvious that in case of lower R L the circuit operates in the hysteresis mode (depicted in Fig. 3c) ; a signal on the MOSFET gate pin switches on and off the buck DC-DC convertor. Higher load (R L = 26 Ω) transfers the circuit to the direct mode (depicted in Fig. 3b ), when the MOSFET is almost constantly open and energy flows to the output without modulation in the converter. In case of the load resistance increasing further, the circuit operates in the out-of-range mode (Fig. 3a) , which is not shown on the experimental time diagrams. In this case the MOSFET is conducting all the time as well.
VI. CONCLUSION
A new PV panel optimizer MPPT algorithm has been proposed. The proposed circuit diagram is a very robust and cheap solution, yet capable of maintaining PV panel operation close to MPP.
The proposed optimizer can be connected to the DC-link distributed energy harvesting system, which should perform a true MPPT algorithm based on maintaining constant DC-link voltage.
The proposed optimizer can be used with a partially shaded PV-cell string. To increase the general efficiency, the optimizer may be used for a low-cell-count string, a parallel cell assembly or as a cell-level optimizer. A cell-level MPPT is almost never used in real-world applications because of the complexity and cost of converters, yet with the proposed optimizer it is possible, as it consists only of a few elements and all of them can be integrated into the PV cell without sensors and without a control system.
The proposed solution is recommended to be used in smalland medium-sized power systems, where the price of a conventional MPPT converter is high and comparable to the cost of the individual PV panel.
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